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The perception of pathogen or microbe-associated molecular pattern molecules by plants triggers a basal defense response analogous to animal innate immunity and is defined partly by the deposition of the glucan polymer callose at the cell wall at the site of pathogen contact. Transcriptional and metabolic profiling in Arabidopsis mutants, coupled with the monitoring of pathogen-triggered callose deposition, have identified major roles in pathogen response for the plant hormone ethylene and the secondary metabolite 4-methoxy-indol-3-ylmethylglucosinolate. Two genes, PEN2 and PEN3, are also necessary for resistance to pathogens and are required for both callose deposition and glucosinolate activation, suggesting that the pathogen-triggered callose response is required for resistance to microbial pathogens. Our study shows that wellstudied plant metabolites, previously identified as important in avoiding damage by herbivores, are also required as a component of the plant defense response against microbial pathogens.
A lthough plants are in continual contact with potential pathogens, a successful infection is rare. The ability of a particular plant species to prevent the successful colonization by a given pathogen species is referred to as nonhost resistance (1) (2) (3) . The molecular basis of nonhost resistance is poorly understood, but presumably relies on both constitutive barriers and inducible responses. Inducible defenses include the surveillance along the cell membrane from multiple pattern recognition receptors that respond to highly conserved microbe-associated molecular pattern (MAMP) molecules such as bacterial flagellin or peptidoglycan (4, 5) . MAMP recognition triggers the activation of mitogen-activated protein kinases (MAPKs) and various hormone signaling pathways (6) . This signaling starts a cascade that activates a variety of defense responses including callose deposition, programmed cell death, production and accumulation of antimicrobial reactive oxygen species, and induction of phytoalexins and other secondary metabolites such as the indolic antimicrobial compound camalexin (3-thiazol-2′yl-indole) and glucosinolates (1-thio-b-D-glucosides) (3), which are found in cruciferous plants, including Arabidopsis thaliana. These plants also constitutively synthesize and store glucosinolates, which are converted by endogenous S-glycosyl hydrolases (myrosinases) into compounds that function as insect feeding and/or oviposition stimulants or deterrents (7) . However, glucosinolates and their breakdown products have also been identified as potential antimicrobials (8, 9) .
Despite detailed characterization of MAMP recognition and various hormone-mediated signaling pathways in plant defense response, relatively little is known about the host mechanisms that connect the perception of a particular pathogen to the downstream signaling pathways that lead to activation of specific immune responses.
Flg22-induced callose response requires FLS2, PMR4, Et signaling, and MYB51. Arabidopsis genes induced in response to treatment with Flg22, a synthetic 22-amino acid polypeptide that corresponds to a highly conserved region of eubacterial flagellin, include those involved in ethylene (Et)-mediated defense hormone signaling and in indole glucosinolate biosynthesis (table  S1A) . We performed a phenotypic assay for Flg22-induced callose responses in Arabidopsis seedlings under the same conditions as those of previous transcriptional profiling studies (10) . Callose is a b(1,3) glucan polymer that strengthens and dams weak or compromised sections of plant cell walls at the site of pathogen attack. A callose-response assay was used to identify particular Flg22-induced genes involved in callose deposition. Aniline blue staining was used to detect callose, and we observed deposits on the cotyledons of Arabidopsis seedlings treated with ≥1 mM Flg22 (Fig. 1B) that were absent in water-treated plants (Fig. 1A) . Mutants lacking the functional Flg22 receptor encoded by the FLS2 gene (11) or the functional callose synthase encoded by the PMR4 gene (12) did not respond to Flg22 treatment (Fig. 1, C and D) , demonstrating that the appearance of these fluorescent deposits was a consequence of MAMP perception and subsequent callose synthesis. A more sensitive assay of callose staining in the pmr4-1 mutant revealed faint fluorescent flecks ( fig. S2A ), suggesting that another callose synthase plays a minor role in response to Flg22. The callose response was also elicited by other MAMPs and was not specific to Flg22 (SOM Text and fig. S2B ). The perception of Flg22 in roots requires both the Flg22 receptor FLS2 and its receptor complex partner, BAK1 (13, 14) . In contrast, the Flg22-induced callose response in cotyledons does not require BAK1 (table S1B), suggesting that the immune requirement for BAK1 in the FLS2 receptor complex is tissue-specific.
We screened a collection of Arabidopsis defense hormone-related mutants, as well as mutants defective in various Flg22-inducible transcription factors (see table S1B for all mutants screened), and found that etr1-1, etr1-3, ein2-1, and ein2-5 mutants in the Et signaling pathway, as well as two transcription factor mutants myb51-1 and myb51-2, were impaired in the Flg22-induced callose response (Fig. 1 , E to G, and fig. S2, C to E). ETR1, an Et receptor, and EIN2, a membrane protein, are required for Et perception and signaling, respectively (15, 16) . MYB51 is involved in the transcriptional activation of indole glucosinolate (IGS) biosynthetic genes (17) .
MYB51 is downstream of Et signaling and upstream of IGS biosynthesis. Figure 1 , A to G, shows that the Et signaling pathway and the MYB51 transcription factor may function in the callose-forming pathway. We examined the expression of candidate genes in Flg22-treated wildtype and mutant seedlings and observed that the expression of the Et-responsive transcription factor ERF1 (which is up-regulated by Flg22; table S1A) is significantly reduced in etr1-1 and ein2-1 mutants but not in myb51-1 and myb51-2 mutants (Table 1 ). This indicates that Et signaling is intact in myb51 mutants. In contrast, Flg22-induced expression of MYB51 is reduced in etr1-1 and ein2-1 mutants ( Table 1 ), indicating that Et signaling is required for the full induction of MYB51 and ERF1 in response to Flg22 and that MYB51 is downstream of Et signaling for the callose response. Furthermore, Flg22-induced expression of all known IGS biosynthetic genes (CYP79B2, CYP79B3, CYP83B1, SUR1, UGT74B1, and AtST5a; fig.  S1 ) was significantly reduced in myb51 mutants ( Table 1 ), indicating that MYB51 up-regulates IGS biosynthesis in response to Flg22. A homolog of MYB51, ATR1/MYB34, also regulates IGS abundance (18) , but Flg22-elicited callose deposition was not affected in atr1-3 mutant seedlings (Fig. 1H) , and when treated with Flg22, ATR1/MYB34 expression was down-regulated (table S1A) (6) .
Indole glucosinolates are derived from tryptophan, the biosynthesis of which is defenseregulated by Et-induced expression of ASA1. ASA1 catalyzes the first and rate-limiting step in the tryptophan biosynthetic pathway (19, 20) . ASA1 gene expression was also induced by Flg22 treatment (table S1A), and this up-regulation was dependent on MYB51 (Table 1) . Because ASA1 expression is Et-inducible, these data suggest that MYB51 probably mediates at least some transcriptional responses to Et signaling.
IGS biosynthesis is required for Flg22-induced callose response. The drastically reduced expression of IGS biosynthetic genes in myb51 mutants suggested that IGS biosynthesis may be required for Flg22-induced callose deposition. Therefore, mutants defective in IGS biosynthesis or accumulation were tested for the callose response to Flg22. The IGS biosynthetic double mutant cyp79B2 cyp79B3, which completely lacks IGS (21) , as well as mutants atr4-1/cyp83B1 and ugt74B1-2, were impaired in the induction of the callose response (Fig. 1, J to L) . Furthermore, tfl2 mutants, which have reduced IGS amounts in their leaves (22, 23) , were also impaired in Flg22-induced callose response (table S1B and fig. S2F ).
In contrast to mutations that affect the biosynthesis of indole glucosinolates, the aliphatic glucosinolate biosynthetic mutant ref2/cyp83A1 (24) exhibited a wild-type response to Flg22 (Fig.  1M ), indicating that aliphatic glucosinolates do not play a major role in callose accumulation. The hypothesis that biosynthesis and accumulation of indole glucosinolates are specifically required for the Flg22-induced callose response is consistent with the down-regulation of CYP83A1 expression in response to Flg22 (table S1A) (6), as well as the expression of MYB28 and MYB29 (table S1A) (6) , which regulate the aliphatic glucosinolate biosynthetic pathway (25) (26) (27) . Finally, the tryptophan biosynthetic mutant trp3-1 (28) was also found to have a greatly reduced callose response to Flg22 (Fig. 1N) , consistent with the requirement of tryptophan for IGS biosynthesis.
Flg22 also induces the expression of CYP71A13 and PAD3 (table S1A) (29, 30) , which are genes involved in the biosynthesis of the indole phytoalexin, camalexin. Like IGS, camalexin requires CYP79B2 and CYP79B3 for biosynthesis; however, the camalexin biosynthetic mutants cyp71A13-1, cyp71A13-3, and pad3-1 exhibited a wild-type callose response to Flg22 ( 4-Methoxy-I3G is required for the Flg22-induced callose response. Our data indicate that the synthesis of IGS is required for callose deposition in response to Flg22 and suggest that IGS functions as a signal or coactivator downstream of MAMP responses. Because of the large number of cytochrome P450s involved in IGS biosynthesis, we searched for other Flg22-inducible cytochrome P450 genes and found one with unassigned function, CYP81F2 (table S1A). The mutants cyp81F2-1 and cyp81F2-2 showed a complete loss of callose deposition in response to Flg22 (Fig. 1I and fig.  S2H ), suggesting that CYP81F2 might also be involved in IGS biosynthesis. Unlike the characterized IGS biosynthetic genes CYP79B2, CYP79B3, CYP83B1, SUR1, UGT74B1, and AtST5a ( fig. S1 ), the induced expression of CYP81F2 after 3 hours of Flg22 treatment was independent of Et signaling and MYB51 (Table 1) . At 6 hours of Flg22 treatment, however, continued CYP81F2 expression became dependent on Et signaling but remained independent of MYB51 ( Table 1) .
To further ascertain the biochemical function of CYP81F2, we carried out IGS metabolic profiling experiments on a variety of mutants (see below) to look for correlations between callosedeficient phenotypes and abundances of the three known IGS species [indol-3-ylmethylglucosinolate (I3G), 4-methoxy-I3G, and 1-methoxy-I3G]. For all tested genotypes, Flg22 treatment caused a significant reduction in I3G ( Fig. 2A) , a counterintuitive result given that Flg22 treatment activates the expression of IGS biosynthetic genes. This result suggested that Flg22 also activates the expression of myrosinase enzyme(s) (S-glycosyl hydrolases) that catalyze the hydrolysis of IGS (see below).
In wild-type seedlings, Flg22 treatment produced no effect on 4-methoxy-I3G abundance; however, in Flg22-treated myb51-1 and ein2-1 mutants, 4-methoxy-I3G abundances were significantly reduced compared to those in wild-type seedlings ( Fig. 2B ). These results suggest that the perception of Flg22 triggers both the biosynthesis and subsequent hydrolysis of 4-methoxy-I3G. Furthermore, 4-methoxy-I3G amounts were extremely low in the cyp81F2-1 mutant in control (water) and Flg22 treatments (Fig. 2B) , suggesting that CYP81F2 may produce 4-methoxy-I3G via the 4-methoxylation of I3G. No consistent effect on 1-methoxy-I3G abundance was observed after Flg22 treatments ( fig. S3 ), suggesting that it is not required for the Flg22-induced callose response. Therefore, we hypothesize that Flg22 perception activates the biosynthesis of MYB51-and CYP81F2-dependent 4-methoxy-I3G, accompanied by a Flg22-triggered hydrolysis of 4-methoxy-I3G into callose-eliciting compound(s).
PEN2 is the putative myrosinase involved in Flg22-triggered IGS breakdown. The Flg22-elicited reduction in I3G abundance suggests that the Flg22-triggered IGS biosynthesis may also be accompanied by IGS hydrolysis and that IGS hydrolytic products may be required for callose synthesis. IGS hydrolysis is brought about by myrosinase enzymes and their associated modifiers, and ascorbate is an essential cofactor for myrosinases (31) . Consistent with the hypothesis that IGS hydrolysis is required for Flg22-induced callose deposition, the ascorbate-deficient mutants vtc1-1 and vtc2-1, which contain 10 to 30% wildtype amounts of ascorbic acid (32) , exhibited a greatly reduced callose response to Flg22 (Fig. 4G  and fig. S2I ). However, the double-mutant tgg1-3 tgg2-1, carrying lesions in the two characterized foliar myrosinases in Arabidopsis (33), exhibited a wild-type callose response to Flg22 (Fig. 1Q) . A search for predicted glycosyl hydrolases with a Flg22-inducible expression profile identified PEN2 (table S1A). Corresponding mutants exhibit enhanced penetration by the nonadaptive fungal pathogen Blumeria graminis f. sp. hordei (34, 35) . Both pen2-1 and pen2-2 mutants exhibited a loss of the callose response to Flg22 (Fig. 1R and fig. S2J ), indicating that PEN2 is the putative myrosinase enzyme involved in the Flg22-induced hydrolysis of IGS [see also (36) for direct biochemical evidence supporting this hypothesis].
In contrast to the myb51-1 and cyp81F2-1 mutants, the IGS profile of the pen2-1 mutant shows increased accumulation of 4-methoxy-I3G upon Flg22 treatment (Fig. 2B) , supporting the hypothesis that PEN2 acts as a myrosinase catalyzing the hydrolysis of 4-methoxy-I3G. Furthermore, in the absence of PEN2, Flg22-treated plants exhibit upregulation of IGS biosynthesis and 4-methoxylation, and the substrate 4-methoxy-I3G accumulates. The correlation between reduced and/or depleted amounts of 4-methoxy-I3G in the cyp81F2-1 mutant and accumulation of 4-methoxy-I3G in the pen2-1 mutant and the callose-deficient phenotypes of both the cyp81F2-1 and pen2-1 mutants suggest that a hydrolytic product of 4-methoxy-I3G functions as a signaling molecule or coactivator for callose deposition.
Our results suggest not only that the IGS biosynthetic pathway is required for callose deposition but also that the IGS biosynthetic pathway may be under feedback inhibition by elevated amounts of 4-methoxy-I3G and that this feedback regulation occurs at the level of MYB51 expression, consistent with previous reports that glucosinolates regulate their biosynthesis by feedback inhibition of relevant transcription factors (37): In the pen2-1 mutant, Flg22-induced expression of MYB51 and IGS biosynthetic genes was greatly reduced after Flg22 elicitation (Table 2 ). PEN2 expression is independent of Et signaling and MYB51 ( Table 2 ), indicating that Flg22-elicited activation of IGS breakdown is independent of IGS biosynthesis. Mutants of the modifiers of myrosinase-catalyzed reactions, esp and esm1 (38, 39) , as well as the (Fig.  1S and fig. S2M ). The PAD2 (or GSH1) gene encodes a g-glutamylcysteine synthetase (42) , which catalyzes the first committed step in the synthesis of the tripeptide glutathione (GSH). Glutathione is a precursor for a class of heavy-metal-chelating glutathione polymers known as phytochelatins (44) . Microarray data of Flg22-inducible expression profiles identified a phytochelatin synthase gene, PCS1 (table S1A), whose corresponding mutants (pcs1-1, pcs1-2, and cad1-3) were all impaired in the callose response to Flg22 (Fig. 1T, fig. S2N , and table S1B). Moreover, the transcriptional and IGS profiles of the pcs1 mutant resemble those of the pen2 mutant (Fig. 2B) , suggesting that it too is involved in the breakdown of 4-methoxy-I3G. Like pen2, the pcs1 mutant also exhibited reduced Flg22-induced expression of MYB51 and IGS biosynthetic genes (Table 2) , supporting the conclusion that accumulation of IGS is involved in feedback inhibition of IGS biosynthesis at the level of MYB51 expression. Also, like PEN2, the Flg22-induced expression of PCS1 is independent of Et signaling and MYB51 (Table 1) .
Downloaded from
PEN3 is also required for Flg22-induced IGS activation. Phytochelatin synthases require the cofactor cadmium for enzymatic activity (44) and may be involved in the transport and sequestration of cadmium into the vacuole (43, 45) . ABC-type transporters in plants and yeast also transport and sequester cadmium into the vacuole and may work in concert with phytochelatins (46) (47) (48) . We searched the Flg22-elicited transcriptional profiling data and identified one ABC transporter, PEN3/AtPDR8 (table S1A) (49, 50), whose corresponding mutants (pen3-1 and atpdr8-2/pen3) were also impaired in the callose response to Flg22 (Fig. 1U and fig. S2O ). Furthermore, like the pen2 and pcs1 mutants, the pen3 mutant accumulated 4-methoxy-I3G upon Flg22 treatment (Fig. 2B) , suggesting that it too is involved in IGS breakdown. However, unlike the pen2 and pcs1 mutants, the pen3 mutant did not exhibit diminished MYB51 expression after 6 hours of Flg22 treatment (Table 2) . PEN3 localizes to the plasma membrane, not the vacuole (49, 50) , and is involved in the extrusion of cadmium out of the cell (51) , which may provide a targeting mechanism to direct cadmium-chelating phytochelatinbound complexes of IGS hydrolytic products toward the plasma membrane/cell wall where the callose synthase PMR4 resides. These observations may explain the lack of presumptive feedback inhibition of MYB51 expression in the pen3-1 mutant and why increased amounts of 4-methoxy-I3G in the pen3-1 mutant are not as high as those in the pen2-1 and pcs1-2 mutants (Fig. 2B) .
4-Methoxy-I3G rescues callose formation. Callose formation was induced by 100 mM 4-methoxy-I3G in conjunction with Flg22 treatment in mutants defective in IGS biosynthesis or 4-methoxylation of I3G (Fig. 3, D to F) but not in mutants defective in IGS hydrolysis (Fig. 3,  G to I), Flg22 perception (Fig. 3B) , or callose synthesis (Fig. 3C) . This supports the hypothesis that 4-methoxy-I3G is involved as a signaling molecule in, or a potential coactivator of, callose deposition. I3G had no effect on callose-deficient mutants (Fig. 3) , indicating that it is not involved in Flg22-induced callose response. Identifying breakdown products of 4-methoxy-I3G associated with the Flg22-induced callose response will be technically challenging as these compounds may be unstable and it is not feasible to purify large quantities of them from Arabidopsis. A presumed IGS hydrolytic product, 4-methoxy-indole-3-acetonitrile (4-methoxy-IAN), has been purified from Chinese cabbage, a close relative of Arabidopsis, but neither 4-methoxy-IAN nor the endogenous IGS hydrolytic products 4-methoxy-indole-3-carboxylate and -1. (D) ein2-1. (E) myb51-1. (F) cyp81F2-1. (G) pen2-1. (H) cad1-3/pcs1. (I) pen3-1. methyl-4-methoxy-indole-3-carboxylate rescued callose-deficient mutants (table S1B), suggesting that they probably are not directly involved in callose deposition.
The parallel SA-dependent IGS hydrolytic pathway. Microbes can trigger callose formation in Arabidopsis leaves via the plant hormone salicylic acid (SA)-dependent pathway (52) , suggesting that there are multiple signaling pathways in MAMP-induced callose formation. We added hormones to rescue callose-deficient mutants and found that pretreatment with SA or the functional SA analog 2,6-dichloro-isonicotinic acid (INA) (53) rescued the callose-deficient phenotype of the pen2, pcs1, and ascorbate-deficient vtc mutants (Fig. 4 , B and C, E and F, and H and I, respectively). This suggests that SA compensates for deficient PEN2 myrosinase activity and that PCS1 activity is necessary for PEN2 function. This SA-mediated rescue was not seen with any other described callose mutants (Fig. 4, J to M) , and the transcriptional and IGS profiles of pen2 and pcs1 mutants were unchanged (Table 2 and fig. S4A ). No other hormones were found to rescue callose-deficient mutants (table S1B). Because the double mutants pen2-2 pen2-like [PEN2-like (At3g60120; table S1A)] and pcs1-1 pcs2-1 [PCS2 (54)] exhibited a Flg22-triggered callose response in the presence of SA (Fig. 4, N and O), this removes the possibility of functional redundancy. An SA-mediated pathway apparently can bypass the requirement of PEN2 and PCS1 in IGS hydrolysis through an as yet unknown mechanism.
Glucosinolate-dependent callose deposition restricts bacterial growth. A published report has shown that PMR4-dependent callose deposition contributes to MAMP-induced growth suppression of the type III secretion system-deficient bacterial pathogen Pseudomomas syringae PtoDC3000hrcC (55). In our seedling growth assay, the Flg22 receptor mutant fls2-c, the IGS biosynthetic mutants ein2-1 and cyp81F2-1, and the IGS hydrolytic mutant pen2-1 were slightly but significantly more susceptible to wild-type PtoDC3000 ( fig. S5) , suggesting that glucosinolate-dependent callose deposition probably contributes to MAMP-induced growth suppression of PtoDC3000. This is in accord with the finding that PtoDC3000 actively suppresses pathogen-activated callose deposition (56) . This growth suppression was not observed in the pmr4-1 mutant ( fig. S5 ), probably because of the increased SA amounts in the mutant (12) .
Suppressing the Flg22-triggered callose response. Defense-related plant hormones [SA, methyljasmonate (MeJA), abscisic acid (ABA), and the Et precursor 1-aminocyclopropane-1-carboxylic acid (ACC)] and the common IGS hydrolytic product IAN did not induce callose formation in the absence of Flg22. In the presence of Flg22, pretreatment with SA or ACC had no effect on the callose response (Fig. 1, W and X) . In contrast, pretreatment with ABA or MeJA or treatment with IAN completely suppressed the Flg22-induced callose response (Fig. 1, Y to AA) . ABA, MeJA, and IAN may differ in their modes of callose suppression. By 6 hours after Flg22 elicitation, ABA pretreatment greatly reduced Flg22-induced expression of ERF1, MYB51, and CYP81F2, which depend on Et signaling for full activation ( Table 3 ), suggesting that ABA antagonizes the Et signaling triggered by Flg22. This is consistent with previously reported antagonistic interactions between ABA and Et signaling pathways (57, 58) .
In contrast to ABA, MeJA pretreatment transiently reduced transcript abundance of MYB51 and CYP81F2, but after 6 hours of Flg22 treatment, gene expression returned to wild-type levels ( Table 3 ). MeJA and JA induce I3G and 1-methoxy-I3G but not 4-methoxy-I3G production in mature plants (59) (60) (61) , and we also observed this in seedlings ( fig. S4 ). It is possible that MeJA blocks callose deposition by inducing the N-methoxylation pathway, which could predominate over the Flg22-induced 4-methoxylation pathway, thereby reducing the production of 4-methoxy-I3G required for callose formation. However, this does not appear to be the case because 4-methoxy-I3G abundances were unchanged in both the wild-type and the 4- (Table 3) . By 6 hours after Flg22 elicitation, CYP81F2 expression also decreased, but ERF1 expression remained at wild-type levels ( Table 3 ), suggesting that Et signaling is not affected in IAN-treated plants. Because IAN is a common IGS hydrolytic product, the suppressive effect of exogenous IAN treatment suggests that the IGS biosynthetic pathway is under feedback inhibition by the accumulation of IGS hydrolytic products, although the identity of the actual regulatory metabolite remains unknown. Expression in IAN-treated wild-type plants resembles that of putative IGS breakdown mutants pen2 and pcs1 at the level of MYB51 expression ( Table 2 ), suggesting that the IGS biosynthetic pathway is under feedback inhibition by IGS accumulation and its hydrolytic products. Other IGS hydrolytic products-4-methoxy-IAN, methyl-4-methoxy-indole-3-carboxylate, and methyl-indole-3-carboxylate-also suppressed the Flg22-induced callose response (table S1B), further supporting the conclusion that IGS biosynthesis is under feedback inhibition by its hydrolytic products.
Conclusions. Our study of the MAMP-triggered callose defense response, a classic innate immune response to both adapted and nonadapted pathogens, shows that the essential and ubiquitous compounds glutathione and ascorbate, the transported metal ion cadmium, and the secondary metabolite 4-methoxy-indol-3-ylmethylglucosinolate are all required for callose deposition. We showed that the Flg22-triggered callose response in Arabidopsis seedlings requires the concomitant induction of three pathways: Et-and MYB51-dependent I3G biosynthesis; CYP81F2-dependent 4-methoxylation of I3G; and the PEN2-, PCS1-, and PEN3-mediated hydrolysis of 4-methoxy-I3G (Fig. 5) . The core IGS biosynthetic pathway is under feedback inhibition at the level of MYB51 expression by the accumulation of IGS and IGS hydrolytic products. The defense hormones ABA and MeJA suppress the callose response by antagonizing Et signaling and IGS breakdown, respectively, whereas an SA-dependent pathway can bypass the hydrolytic requirement of PEN2 and PCS1. The role of glucosinolate hydrolysis in insect resistance has been studied for more than 100 years. Here we have identified a new role for this metabolic pathway, linking the endogenous hydrolytic products of glucosinolates to MAMP-mediated defense responses as potential signaling molecules. Further exploration of the species-and genus-specific effects of these molecules, including their potential role as compounds with direct antimicrobial activity (36), will be needed to determine their multiple functions in plant-microbe interactions. Andrea Sanchez-Vallet, 3 Antonio Molina, 3 Paul Schulze-Lefert 1 * Selection pressure exerted by insects and microorganisms shapes the diversity of plant secondary metabolites. We identified a metabolic pathway for glucosinolates, known insect deterrents, that differs from the pathway activated by chewing insects. This pathway is active in living plant cells, may contribute to glucosinolate turnover, and has been recruited for broad-spectrum antifungal defense responses. The Arabidopsis CYP81F2 gene encodes a P450 monooxygenase that is essential for the pathogen-induced accumulation of 4-methoxyindol-3-ylmethylglucosinolate, which in turn is activated by the atypical PEN2 myrosinase (a type of b-thioglucoside glucohydrolase) for antifungal defense. We propose that reiterated enzymatic cycles, controlling the generation of toxic molecules and their detoxification, enable the recruitment of glucosinolates in defense responses.
F lowering plants synthesize and accumulate a vast array of structurally diversified small molecules known as secondary metabolites (1). Each particular compound class is usually restricted to a narrow phylogenetic lineage, the result of genetic adaptations enabling or restricting interactions with other organisms. Although the chemical diversification of several secondary metabolite classes is driven by microbes and insects (1) , it is often difficult to prove their presumed antimicrobial or insect-deterring functions in a whole-organism context. Among the notable exceptions are camalexin, an inducible Arabidopsis antimicrobial (phytoalexin) (2) and glucosinolates (Fig. 1A) , Capparales-specific (which includes the Brassicaceae) thio-glucosides known to deter insects (3). This function of glucosinolates requires their tissue damage-triggered activation by specialized b-thioglucoside glucohydrolases (TGGs, also called myrosinases) (4) compartmentalized either in specialized myrosin cells in the phloem parenchyma (5) or in stomata cells (6) .
Arabidopsis is immune to nonadapted powdery mildew fungi, such as Blumeria graminis and Erysiphe pisi, that colonize grass and pea species, respectively. During these interactions, fungal pathogenesis is terminated coincident with the switch from surface to invasive growth by two parallel pathways of induced preinvasive defense responses. The Arabidopsis PEN1 syntaxin resides in the plasma membrane and forms heterooligomeric complexes for vesicle-mediated secretory defense together with the adaptor SNAP33 and endomembrane-anchored VAMP721/722 (7, 8) . PEN2, a deduced family 1 glycosyl hydrolase (F1GH), and the plasma membrane-resident PEN3 ATP (adenosine triphosphate)-binding cassette (ABC) transporter act in a second path-
